I In mature mammalian muscle, the muscular chloride channel ClC-1 contributes about 75% of the sarcolemmal resting conductance (Gm 
Hereditary myotonias are muscle diseases characterized by cramp-like aftercontractions upon voluntary movements, caused by a hyperexcitability of the sarcolemma. They may either be due to dominant mutations in the gene for the muscular sodium channel Skm-1 (for review see LehmannHorn & Riidel, 1996) or dominant Thomsen-or recessive Becker-type mutations in the gene for the major muscular chloride channel ClC-1 (Koch et al. 1992 ; for review see Lehmann-Horn & Riudel, 1996) . This latter finding was based on the discovery of myotonia and lowered sarcolemmal total and chloride conductances (Gm and GC1, respectively) (Brinkmeier & Jockusch, 1987a; Mehrke, Brinkmeier & Jockusch, 1988) in a mouse mutant affected by the recessive mutation 'arrested development of righting response' (adr; Watkins & Watts, 1984) . In this mouse mutant, the chloride channel gene CIcl on chromosome 6 was shown to be functionally and structurally affected and to be identical to the adr myotonia gene . Myotonia mutations in the mouse, spontaneous or induced, are recessive and allelic with each other (Jockusch, Bertram & Schenk, 1988; Adkison, Harris, Lane & Davisson, 1989) . Hence, all myotonias in the mouse are chloride channel diseases of the recessive Becker type. We have molecularly analysed alleles ClCladr (retroposon insertion; Steinmeyer et at. 1991a; Schniille, Antropova, Wedemeyer, Jockusch & Bartsch, 1997) , ClCladr-mto (stop codon; Gronemeier, Condie, Prosser, , and ClClCadr, K (missense mutation ; Gronemeier et al. 1994 ).
Using an antibody against a ClC-1 peptide that reacts with the ClC-1 protein in frozen sections, Gurnett, Kahl, Anderson & Campbell (1995) showed the ClC-1 channel to be present on the sarcolemma and demonstrated its absence from myotonic muscle of the homozygous ClCladr-mto mutant, in which the ClC-1 polypeptide is truncated close to its N-terminus (Gronemeier et al. 1994) . We have shown that Cll gene dosage is critical for the excitability of neonate mouse muscle (Wischmeyer, Nolte, Klocke, Jockusch & Brinkmeier, 1993 ) during a period when ClC-1 mRNA levels in rodents are still low (Steinmeyer, Ortland & Jentsch, 1991 b; Wischmeyer et al. 1993; Bardouille, Vullhorst & Jockusch, 1996 (Barchi, 1975) . (2) There could be a post-transcriptional regulatory mechanism, active in the adult muscle fibres, that adjusts Gci to the required level irrespective of whether one or two copies of the functional Cll gene are transcribed.
Our genetic and physiological data support the second hypothesis, thereby indicating a novel long-term regulatory mechanism for the adjustment of 0ci in mammalian muscle.
A preliminary report of this work has been given (Chen, Niggeweg & Jockusch, 1995) .
METHODS

Mutant mice
The origin of the A2G strain carrying the ClCladr mutation (Watkins & Watts, 1984) and the SWR/J strain carrying the ClC1adr-mto allele (Heller, Eicher, Hallett & Sidman, 1982) is described in Gronemeier et al. (1994) . The genotypes of ClCladr?/+ and ClCladr-mto?/+ individuals were determined by polymerase chain reaction (PCR) diagnosis (Schniille et al. 1997) . The detection of the ClCladr allele was done by amplification of genomic DNA with a mouse intron 12-specific and an Etn transposon-specific primer.
The ClCladr-mt" allele differs from the wild-type allele by two base substitutions (Gronemeier et al. 1994) . A PCR product of genomic DNA covering these mutations can be distinguished by single strand conformational polymorphism (Schniille et al. 1997) . For physiological and biochemical analyses, mice were anaesthetized and killed by gradually increasing CO2 concentration in accordance with German law for the protection of animals. mRNA analysis RNA extractions and Northern blots were done according to established methods as described in Klocke, Steinmeyer, Jentsch & Jockusch (1994 Germany) . In one set of experiments, preflashed X-ray films were exposed to the 32P-label of Northern blots (cf. Klocke et al. 1994 ) and were densitometrically scanned using a Hewlett-Packard ScanJet lIcx/T and the Size +/+ adr/+ adr/adr mito/nmto (kb) QuantiScan evaluation program from Biosoft (Cambridge, UK). Hybridization signals of ClC-1 mRNA were normalized using either the 18S rRNA or the GAPDH mRNA, or both signals obtained by a subsequent hybridization of the same filter. In more recent experiments, 32P-hybridization signals (after localizing the radioactivity by autoradiography) were quantified with a bioimager (Fujix bas 1000; Fuji, Tokyo) and related to the signal of GAPDH mRNA on the same lane. The results obtained were identical to within +15% with these two methods of quantification and the two standards used for normalization. For conductance measurements, fibres from either the sternocostalis muscle or from the diaphragm were used. Ribcages were prepared from freshly killed mice, and sternocostalis fibres impaled through a window in a half ribcage. Tetrodotoxin (0-1-0'2 uM) and dantrolene sodium (3 mg ml-') (Sigma) were used to prevent contractions. Electrical connection with the bath was through an Ag-AgCl electrode. To determine conductances in sternocostalis fibres two-electrode current clamp mode (distances, 0 05 mm and 0 4 mm) was used (Conte-Camerino, Bryant & Mitolo-Chieppa, 1982) . The current pulse was set to produce less than 10 mV potential changes at 50 /sm distance between the electrodes. Total and component conductances were calculated using the equations given in Hodgkin & Rushton (1946), Fatt & Katz (1951) and Bryant (1969) . The diameters of live muscle fibres were determined using Nomarski optics and an ocular micrometer immediately after the electrophysiological measurements. Measurements from the diaphragm were performed using the three microelectrode method (LehmannHorn, Kuther, Ricker, Grafe, Ballanyi & Rudel, 1987) .
RESULTS
Levels of C1C-1 mRNAs I . (Fig. 1) Subsequently the same filter was hybridized with a GAPDH probe to yield the 1-2 kb band, the intensity of which was used as an internal reference for the quantification of the CIC-1 band. Lower panel, tracings perpendicular to the direction of electrophoresis (see Fig. 1 Hetero adr/+ adr/+ mto/+ adr/+ adr/mto mto/+ adr/mto wt adr mto Figure 3 . Levels of allelic forms of C0C-1 mRNAs relative to their level in the homozygous state in different muscles of mice with various genotypes The allelic forms of ClC-1 mRNAs are given in roman letters, the genotypes of the mice in italics. Determinations shown in this figure were based on quantitative densitometry X-ray films exposed to Northern blots with 18 S rRNA as a standard or by direct phosphoimaging (PI) of the filters (Fig. 2) Jockusch, 1987a,b; Mehrke et al. 1988) and MTO (Bryant, Mambrini & Entrikin, 1987) muscles. The same was true for the compound heterozygote CiCiadriCiCjadr-mto in accordance with its myotonic phenotype . In all these cases of myotonia, Cc, was less than 10 % of the wildtype level. In heterozygous animals, Cc, levels were significantly above the calculated values for the expected (Fig. 4) . GK values were confirmed to be lowered in myotonic muscle, again there was no difference between heterozygous muscle and homozygous wild-type control (Fig. 5) .
DISCUSSION
In heterozygous carriers of recessive Becker type mutations of the chloride channel 1 gene, discharges have been detected by electromyography (Becker, 1977; Mailiinder, Heine, Deymeer & Lehmann-Horn, 1996) , indicating haploinsufficiency with respect to the functional chloride channel gene. We have made similar observations on neonatal mice, at a time when the concentration of ClC-1 mRNA is still only 10-20% of that in adult mice (Wischmeyer et al. 1993; Bardouille et al. 1996) . In contrast, our observations on adult carriers of myotonia mutations in the mouse not only indicate wild-type performance of muscle, but also a normal (Klocke et al. 1994 ), but in the mouse, muscles are predominantly fast and heterogeneous only with respect to oxidative or glycolytic metabolism, and this leads to a reduction of fibre type-specific differences among different muscles in comparison with the rat. In the wild-type mouse, the level of ClC-1 mRNA is regulated during development and by muscle activity: juvenile, slow and denervated muscles have lower levels than fast muscles (Wischmeyer et al. 1993; Klocke et at. 1994) . However, in myotonic mice, despite the aberrant activity pattern of muscle and secondary downregulation of several genes (Jockusch, 1990) , ClC-1 mRNA levels are similar to those in wild-type mice (Klocke et al. 1994 (Pusch, Steinmeyer & Jentsch, 1994 Jockusch, 1990 
